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ABSTRACT 

Spiral arms shown by different components may not be spatially coincident, which can con¬ 
strain formation mechanisms of spiral structure in a galaxy. We reassess the spiral arm tan- 
gency directions in the Milky Way through identifying the bump features in the longitude 
plots of survey data for infrared stars, radio recombination lines (RRLs), star formation sites, 
CO, high density regions in clouds, and HI. The bump peaks are taken as indications for arm 
tangencies, which are close to the real density peaks near the spiral arm tangency point but 
often have ~ 1° offset to the interior of spiral arms. The arm tangencies identified from the 
longitudes plots for RRLs, Hll regions, methanol masers, CO, high density gas regions, and 
HI gas appear nearly the same Galactic longitude, and therefore there is no obvious offset 
for spiral arms traced by different gas components. However, we find obvious displacements 
of 1.3°- 5.8° between gaseous bump peaks from the directions of the maximum density of 
old stars near the tangencies of the Scutum-Centaurus Arm, the northern part of the Near 3 
kpc Arm, and maybe also the Sagittarius Arm. The offsets between the density peaks of gas 
and old stars for spiral arms are comparable with the arm widths, which is consistent with 
expectations for quasi-stationary density wave in our Galaxy. 
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1 INTRODUCTION 

The formation and evolution of spiral arms in spiral galaxies 
is a fundamental problem in astro nomy for more than 90 years 
(e.g.. lHubblelll926l : lLindbladlll927h . Obs ervationally, spiral galax- 
ies can be classified into, for example by lElmegreM ( Il990l) . floc- 
culent (e.g., NGC4414), multi-armed (e.g., M 101), and grand 
design g alaxies (e.g,, M51). T he mechanisms for spiral forma¬ 
tion (see iDobbs & Babj|20l4 for a review) could be (1) q uasi- 
stationary density wave theory (e.g., fkin & Shull 1964 Il96a) : (2) 
localized in stabilities, perturbations, or noise induced kinematic 
spirals (e.g.. lSellwood & Carlber g|ll984h: (3) dynamically tidal in¬ 
teractions (e.g.. lToomre & Toomrd 1972h . It is difficult to identify 
whic h mechanism dominates s piral structure in a specific galaxy 
(e.g.. [Binnev & Tremainel2008l) . Careful comparisons of spiral fea¬ 
tures between observati ons and theories are necessary to distin¬ 
guish these mechanisms jpovle et al.ll201 ih . _ 

The quasi-stationary density wave theory ( [Robert dl 19691) pre¬ 
dicts a spatial offset of different arm components, e.g., old stars, 
star forming regions, molecular gas and atomic gas, due to pos¬ 
sible delay in star formation from gas gathering (see Fig [T). The 
other mechanisms do not predict t he offset between the stellar spiral 
arms and gaseous arms (see, e.g.. lDobbs & Bab^l2014l : |Baba et all 
l2015h . Face-on spiral galaxies (e.g., M51, M81) are the ideal ob¬ 
jects t o test these mechanisms . Many obser v ations have been made 
(e.g., iMathewson et alj 1 19721 : iRotsI 1 19751 : iTamburro et al.l [200 Sl : 
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Egusa et ^ l2009l : iFovle et ^ [201 ll : iMarttnez-Garcta & Pueraril 
2014h . bm^different conclusions were made by different authors 


even from the high quality data of HI, CO, 24 pm infrared and UV 
images of the same sample of galaxies, mainly beca use of large un¬ 
certai nties in measuring the spiral arm properties ( jPobbs & Babal 
|2014 . 

For the Milky Way Galaxy, the possible spatial offset of differ¬ 
ent spiral arm components is very difficult to measure and far from 
clear at pr esent, mainly because the spiral pattern and positions of 
arms (e.g.lValleell2004 [Foster & CoopelbOlOi: [Hou & Haniliol^: 
[Pettittetal.[[20il1 c arrar o[ [2015[) have' not been well determined. 
However, the dire ctions of spiral a rm tangencies in our Galaxy can 
be estimated (e.g.. [Beniaminl200^ . which can be used to check the 
possible offset between different components of spiral arms (e.g., 
see Fig.[T). 

Previously spiral arm tangencies ha ve been identified from 
the Galactic p lane surveys of HI (e.g.. [Burton & Shanel 19701: 
Weayeil [l970[). ‘^CO (e . g.. [Sanders et al.l [l985[: [Solo mon et al 
19851 : Dame et al. 198d: iGr abelskv et al.[ 1987^ [Bronfman et al 


[19891 [2000Jtt [Dame &Thaddeus[ [201 ih, ‘^CO (e. 


Stark & Lee[[2006[). rad io continuum emission at 408 MHz (e.g . 
Beuermann et alj[ 19851) and a t 86 MHz (e . g., Mills^tal] [l958 ), 


HII regions (e.g^ , [Lockmai] [l979[ . [l989[ : [Downes et alj [1980 : 
Hou & Haul [2014h . near infrared emission (e.g.. [Havakawa et al.[ 


198lh. far inf rared dust emission (e.g. . [Blo emen et al.[ [199(1 


Drimmell2000l). far infrared cooling lines ([Steiman-Cameron et all 


201 oh . 870 ur n continuum ([Beuther~et al.l2012h. 6.7-GHz methanol 
masers (e.g., [Caswell et al.[ [201 1[ : [Green et al.[ [201 iL [2012h . and 
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Corotation radius 


Figure 1. Schematic of the relative position between gas and old star com¬ 
ponents in spiral arms according to a quasi-stationary spiral s tructure in 
a face-on v i ew [s ee also Fig. 1 of [Marlfnez-G^cfa et al.l j2009l) . Fig. 2 of 
iFovle et ^i201 ll) . and Fig. 7 of lRobertsHl969h l. Spiral arm tangencies for 
gas (fligas) and stars star) are shown by the density peaks near the tangency 
points of ideal spiral arms. Thus, the dilference Ai/i = Itpstar — 4>gas\ can be 
used to indicates the possible spatial offset of different components in spiral 
arms. 


old stars dChurchwell et al.l 1 20091) for the Scutum Arm, the 
Sagittarius Arm, the Carina Arm, the Centaurus Arm and the 
Norma Arm (e.g., see Table 1 of lEnglmaier & GerhardI 1 19991 
and Vallee 2014a). In addition, the southern and northern tan- 
gencies for the Near 3 kpc Amni have also been reported (e.g., 

ICohen & Daviesll976l : lBanialll980l : |Dame & Thaddeuj|2008l) . The 


directions of arm tangencies are regarded as impo rtant observa- 


tional constrainl on the Galaxy spiral arms (e.s.. iBurtonI 


19731; iGeoreelin & GeoreeliiJ Il97d lEnslmaier & Gerhard 

19991; 

Primmel & Spersell I 2 OOI: Cordes & Lazid 2002; Russeill 

2003 I; 

Churchwell et al.ll2009l; 

Hou et al.ll2009l; IHou & Hanll20l4 IValled 

20151). A detailed literature survey for spiral arm tangency direc- 


tions can be found in I Vailed ( l2014ah . 


The definitions of an arm tangency are often slightly differ¬ 
ent in literature, which makes direct compari son and even statistics 
difficu lt. For example, the arm tangency in lEnglmaier & GerhardI 
(1 19991 see their Sect. 4.6) is determined as the outer edge of a spi¬ 
ral arm where the velocity jump occurs. The arm tangency can be 
traced by dis continuities in the integ r ated CO emission, as men¬ 
tioned by e.g.fBronfman et ai1 ( l2000aE . lGrabelskv et alJ ( IT987h . and 
lAlvarez et al.l (Il990l) . or by the solid-body like kinematics in th e 
rotation curve derived from CO survey (e.g., iLuna et ^ l2006h . 
Spiral arms produce the deviations from the circular velocity, so 


that the bumps in the rotation curves are a nomalous velocities as¬ 
sociated with streaming motion (see e.g. [Burton & Shand 1 197d : 
iBurtorj 1 19731: iMcClure-Griffiths & DickevflTOOTl) Th~ arm tan- 
gency can also be ide ntified from peak f eatures jDrimmel 200u 
[Bronfman et al.l [r989h or local maxima JSteiman-Cameron et al.l 
20101) n th e longitude plot for i ntegrated infrared emission or line 


intensities. ICaswell et al.l ( 1201 1[) identified the Norma tangency as 
a dense concentration of methanol masers. The arm tangency can 
also be found by fitting the distributions of spiral tracers in the 
Galactic plane or by fitting the featur es in the longitude -velocity 
diagram with a spiral arm model (e.g.. lHou & Han|[2014h . The de¬ 
rived arm tangency may be influenced by the position uncertainties 
of tracers. The derived directions of arm tangencies by different au¬ 
thors could be different as large as the half of arm width even from 
the same observational data. 

There are some potential pitfalls on identifications of arm tan¬ 
gencies from observations. For exa mple, velocity crowding, in¬ 
cluding the streaming motions (e.g.. [BurtoiJll973h . and concen¬ 
trations of individual clouds can result in the “bump” features in 
the longitude-velocity map or the number counts of objects. The 
clumps or cores of nearby clouds or star forming regions could be 
mistaken as the longitude concentrations of farther objects and then 
be misinterprested as arm tangencies. In addition, gas observations 
for tangencies could be complicated by optical depth effects for 
some lines, such as the known self-absorption effect for the HI 21 
cm line and CO line. Observations of small distant clouds can suffer 
beam dilution effect. To identify arm tangencies properly, the multi¬ 
wavelength survey data for different Galactic components should 
be considered together, because the problems discussed above may 
present in one or two datasets, but not in all datasets. 

The spiral arms traced by old stars and molecular gas in our 
Milky Way are believed to be spatially coincident (e.g., IValleel 
l2014a[) . A spatial separation (~ 100 pc - 300 pc) between different 
arm tracers, e.g., '^CO, '^CO, HI ga s, cold d ust, me thanol masers, 
hot dust, was recently suggested by IValleel (1201 4bl) . based on the 
statistics of arm tangency direction values in literature without con¬ 
sidering possible different definitions. To show the possible offsets 
between spiral arms traced by different Galactic components, i.e., 
old stars, ionized gas, molecular gas, atomic gas, we reassess the 
spiral arm tangencies by using survey data in literature for different 
Galactic components. 


2 SURVEY DATA FOR DIFFERENT GAEACTIC 
COMPONENTS 

2.1 Stellar component 

Since the spiral structure traced by the st ellar component 
were obtained by using the COBE survey dPrimme 3 iTOOd: 
IPrimmel & Snerg^lTOOlh . data quality of two following survey^ 
has been improved significantly in the resolution and sensitivity 

with a greatly reduced extinction: _ 

1) Two Micron All Sky Survey (2MASS, ISkrutskie et alj 


^ The identification of the “3 kpc Ar m” dates back to 1960s (e.g., 
Ivan Woe rden et al|l957|:| Oort et al]|l958h . There still are some debates on 
its nature which could be an expanding ring-like struc¬ 

ture (e.g. Jvan der Kruhll97ll : ICohen & Daviesll97d [s evenste ifl999l), n on- 
expanding resona nce feature, or elliptical streamli nes (e.g., IPeter J 19751) , or 
spiral arms (e.g.. lFuxlll999l: iBissantz et al.ll2Q03h . Two tangencies are ob¬ 
served for this structure in the inner Galaxy regardless of its nature. In this 
work, we take the name “3 kpc Arm” when referring to the feature. 


^ In fact, the Wide-field Infrared Survey Explorer (WISE, IWright et alj 
|2Q1(1) also finished an all sky survey at 3.4 jum, 4.6 jum, 12 jum, and 22 
/im. The WISE data have a Point Spread Function of 6” - \2" in the 3 
fim to 24 / 2 m bands, and suffer from confusion near the Galactic midplane, 
hence, are not used in this work for disti'ibutions of old s tars. While HII 

S is used in this paper were identified from WISE data iAnderson et alj 
, see Sect. 2.2. 
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Figure 2. Surface density of old stars as a function of the Galactic longitude deduced from the survey data of GLIMPS 4.5 fim (black), 2MASS Ks band 
(red), 2MASS H band (green) is shown in panel <1>. The integrated intensity of the 1.4 GHz RRLs over the velocity range of ±15 km s“* from the tangency 
point velocity of a given direction is plotted against the Galactic longitude in panel <2>. The surface densities of HII regions (black) and 6.7-GHz methanol 
masers (red) are shown in panel <3>. The integrated intensity for molecular gas *^CO(I-0) (black) and *^CO(l—0) (red) and neutral hydrogen HI, again over 
±15 km s“*, are plotted in panel <4> and panel <6>, respectively. The surface density for dense cores of molecular clouds detected from the ATLASGAL 
(black) and the HOPS (red) are plotted in panel <5>. Peaks for spiral arm tangency directions are indicated by arrows with different colors. The complex 
features in the regions close to the Galactic center direction (20° > I > 340°) are not the scope of this article and plotted as gray lines. See text for references 
for the survey data, and for discussions for the identifications of spiral arm tangencies. 


l2006h observed almost the entire celestial sphere in three near- 
infrared bands, i.e., J (1.25 yum), H (1.65 yum) and (2.16 yum), 
produced a point source catalog containing 470, 992, 970 sources. 
The sensitivity (S/N = 10) is 15.8 mag, 15.1 mag, and 14.3 mag for 
the J, H, and bands, respectively. 

2) Spitzer/GUMPSE (Galactic Legacy Infrared Midplane Ex¬ 
traordinaire) is a survey of the inner Galactic plane with the Spitzer 
space telescope in four mid-infrared bands, i.e., 3.6 yum, 4.5 yum. 


5.8 yum and 8 yum iBeniamin et alj|2003h . providing a 3cr sensitiv¬ 
ity for point sources as being 15.5 mag, 15.0 m ag, 13.0 mag and 
13.0 mag, respectively dChurchwell et al .1120091) . The GLIMPSE 
has a comparable resolution of ~ 1” and a sensitivity of ~ 0.5 mjy 
to the 2MASS but with a greatly reduced extinction l lBeniaminI 
l2008h . We note that about 90% of all the GLIMPSE stars are red 
giant s, and a good fraction o f them appear to be the red-clump gi¬ 
ants dChurchwell et alj2009l) which have a very narrow luminosity 
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function around an absolute magnitude = -1.61 ± 0.03 mag 
with an Gaussian width of cr^ = 0.22 ± 0.03 mag (e.e.. lAlve sl200a- 
ICabrera-Lavers et alJl2007l) . 

The point sources detected by GLIMPSE and 2MASS within 
the Galactic latitude range of \b\ < 1° and the magnitude range 
of Am = 6.5 - 12.5 are used in this paper for determination of 
spiral arm tangencies traced by old starfl Surface number density 
of stars (per deg^) is plotted against the Galactic longitude in the 
top panel of Fig. [2] We ignore the regions close to the Galactic 
center direction (e.g., 20° > I > 340°) where the bump features 
may be the superposition of structure features in the Galactic bar(s), 
bulge, and spiral arms. We focus only on the longitude regions of 
20 ° < / < 340°, where our p lots are consistent with the results g iven 
bv IChurchwell et aO 1 20091 see their Fie. 14). lBeniaminl J200^ see 
their Fig. 2) and also Drimmell ( |2000L see their Fig. 1). Four broad 
and prominent bumps can be identified, which are interpreted in 
this paper as indication of spiral arm tangencies for the Scutum 
Arm (/ ~ 32°), the Centaurus Arm (I ~ 308°) and the northern and 
southern ends of the Near 3 kpc Arm (/ 27° and I ~ 338°) though 

the stellar bump near I ~ 27° can also be interpreted by an in-plane 
bar or a ring (see Sect. 1 of lLopez-Corredoira et al.l200ll) . The peak 
of the bumps are related to the density maximum in stellar spiral 
arms (see Sect. 3.2). 


2.2 Ionized gas and star formation sites 


Ionized gas exists in the interstellar medium in general in three 
forms: indiv idual HII regions, diffuse warm ionized gas, and hof 
ionized gas (lLeaueuxll2005l : iFerrierj 2001 ). Radio recombinafio n 
lines are best tracers of ionized gas ( Gordon & Sorochenkoll200^ . 
However, the global properties of ionized gas in t he Milky Way re¬ 
veale d by RRLs are n o t well explo r ed ye t (e.g., Thompson et al.l 
|2014 iLiu et al.l 1201 3l: I Alves et alJ l2015l: Isihr et alJ l2015l). At 
present, the HIPASS survey of the Galactic plane jAlves et'H] 
|201 (A l2015h has the largest sky coverage for mapping the RRLs 
in the region of t = 196° - 0° - 52° and \b\ < 5° at 1.4 GHz with a 
resolution of 14.4 arcmin, picking up the RRLs of H168a, H167 q' 
and H166a- with a rms noise per channel of about 2.8 mK. 

In the panel <2> of Fig. the RRL line intensity integrated 
over \b\ < 2° and a velocity range of AL = [V, - 15 km s“*, V, -F 
15 km s“*] around the terminal velocity V, is plotted against the 
Galactic longitude. The velocity range AV is so chosen to include 
the gas around the tangencies but exclude the foreground and back¬ 
ground RRL emission. The terminal velocity V, is calculated with 
a flat rotation curve and the lAU standard circular orbital speed at 
the Sun, @o = 220 km s^L The influences of the adopted rotation 
curves, @o, and velocity range AV will be tested and discussed in 
Sect. 3.1. 


In the RRL plot, each spiral arm shows a corresponding dis¬ 
tinct bump. The bumps indicate that ionized gas traced by HI68a-, 
H167a and H166a are concentrated to spiral arms. The bump peaks 
indicate the density maximums of ionized gas in spiral arms (see 
Sect. 3.2) and hence are adopted as the “observed” arm tangencies 


of ionized gas. Some weaker bumps in the plots may indicate some 
individual clouds or arm spurs/branches in the interarm regions. 
The significance of a bump is evaluated by the ratio of the bump 
peak value to the fluctuation cr which is estimated from the fitting 
residual outside the range of a tangency. 

The Centaurus arm is intriguing to have two distinct RRL 
bumps near I ~ 311° and I ~ 305°, which are also shown in the 
C O and HI plots and coinciden t with the dips in the rotation curve 
of lMcClure-Griffiths & Dick^ (120071 see their Fig. 8). 

HII regions are the zones of ionized gas surrounding young 
massive stars or star clusters. They are primary tracer of spiral arms. 
HII regions can be detected from the whole Galactic disk without 
extinc tion, even as far as ~20 kpc from the Sun (see lHou & Haul 
l2014h . The largest catal og of Galactic HII regi ons or candidates to 
date is recently given bv lAndemon et alj ( l2014h . who identified HII 
regions according to the mid-infrared morphology in the WISE sur¬ 
vey data. More than 8400 HII regions and candidates are identified, 
about 1500 of them were previously known. However, most of the 
HII regions do not have line velocity information. 

The 6.7 GHz methanol masers are good tracers of the early 
evolutionary stage of massive stars. About 1000 Galactic methanol 


2007 

; IXu et al.l 20081; Cvsanowski et al. 2009; Green et al.l 

2009, 

201 c 

, 2 OI 2 I; ICaswell et alj 2010l 201 ll; iFontani et alj 

201 c; 


of 6.7-GHz methanol masers collected by Hou & Hm ( l2014h from 
literature is used in this work. 

The number density of HII regions and methanol masers is 
plotted against the Galactic longitude in the panel <3> of Fig. 
However, the identification of spiral arm tangencies in the plot is 
not straightforward as the bump features are not so clear. The star 
formation sites are very clumpy in general, and some bumps may be 
related to arm spurs or arm branches or dumpies in some nearby 
individual clouds, not to the major gaseous spiral arms. In addi¬ 
tion, no velocity constraints were made in the plot due to the lack 
of velocity information for most HII regions. Some bump features 
are probably related to the star formation sites in the Sagittarius- 
Carina Arm and/or Scutum-Centaurus Arm. It is clear that spiral 
arm tangencies can be well-identified by RRL, CO and HI veloc¬ 
ity integrated plots, and then we check the coincident features in 
the number density plot for HII regions and methanol masers. The 
bumps near the tangency directions can be found for the northern 
part of the Near 3 kpc Arm (/ 24°), the Scutum Arm (/ 32°), 

the Sagittarius Arm (/ 50°), the Centaurus Arm (/ 306°, 312°), 

the Norma Arm (/ 328°), and the southern part of the Near 3 

kpc Arm (/ 337°), which we marked arrows in Fig These 

bump peaks indicate the dense concentration of HII regions and 
methanol masers in spiral arms, hence are taken as the “observed” 
arm tangencies for star formation sites. The density excesses near 
the northern tangency of the Near 3 kpc Arm (I ~ 24°) and near the 
Carina tangency (f 282°) are not prominent with a significance of 
only 0.6(T - 2.6cr. 


^ The GLIMPSE Point Source Catalog is truncated at 6.5 mag due to the 
detec tor nonlinearity for bright sources (e.g., see Fig.3. of iBeniamin et alj 
I 2 OO 5 I) . In the inner G alaxy (|/| <~ 40°) the GLIMPSE is confusion-limited 
at 13.3-1 3.6 mag J churchwell et alj I 2 OO 9 I 1 . Following I Beniamin et alj 
j2QQ5ll and IChurchwell etafn200^ . we adopt 12.5 mag as the fainter limit 
for the GLIMPSE and 2MASS source plots in Fig|2] The influence of the 
magnitude range on the derived spiral arm tangencies is tested and discussed 
in Sect.3.1. 


2.3 Molecular gas and high density sites 

Carbon monoxide (CO) is a tracer for molecular gas in galaxies. By 
far the most widely-u sed survey of Galactic *^CO(1-0) was given 
bv IPame et alj (1200 ih . which covers the entire Galactic plane and 
extends at least six degrees in the Galactic latitude. The angular 
resolution is 8.4' - 8.8'. The rms noise per channel is about 0.3 K. 
The velocity coverage is from -260 km s“' to -(-280 km s“' in the 
frame of the Local Standard of Rest (LSR). 
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Emission of '^CO(l-O) suffers less extinction than that of 
*^CO(1-0), hence it is a better tracer of column d ensity for the 
molec ular gas. The Galactic Ring Survey (GRS, Llackson et al.l 
l2006h of '^CO(l-O) covers the longitude range from 18° to 55.7° 
and the latitude range of |b| < 1°. The angular resolution is about 
46" and the sampling is 22". The sensitivity is about 0.4 K. The 
LSR velocity coverage is from -5 km s“' to +135 km s“*. 

In the panel <4> of Fig. the variation of CO intensity in¬ 
tegrated over \b\ < 2° and a velocity range of AV = [V, - 15 
km s“', V, + 15 km s“‘] around the terminal velocity is plotted 


; ptotte a 
lJl987h . 


against the Galactic longitude (e.g., see also lGrabelsky et ^ 

We see that near every spiral arm tangency there is a corresponding 
bump in the CO plot. The bump peaks in the CO plot is related to 
the density maximums of molecular gas in spiral arms (see Sect. 
3.2). The refore molecular c louds are good tracers of spiral struc¬ 
ture (e.g., IHou & Haij|2014h . and the spiral arm tangencies can be 
shown by molecular gas. We note that around the tangency direc¬ 
tion of the Centaurus arm, there are two distinct peaks of CO inten¬ 
sity, stronger one near Z ~ 312° and a weaker one near I ~ 306°. 

High density regions of molecula r gas comprise only ~ 
7% of the mass of molecular clouds l lBattisti & HeveJ l2014h . 
but they are the birth place of massive stars or star clusters. 
The best way to unambiguously search for high density regions 
is to survey the optically th in emission of dust in the mil¬ 
limet er/submillimeter regime iCsengeri et alj l2014l : lAndre et"^ 
120001) . There have been some impressive progress in recent years , 
e.g., the Bolocam Galactic Plane Survey Rosolowskv et alJboid : 
lAguirre et al.l 1201 ll : iGinsburg et alj 12013 ), the A PEX Telescope 
Large Area Survey of the Galaxy (ATLASGAL. IContreras et al.l 
I 2 OI 3 I: ICsengeri et alj|2014 |). and the H erschel Space Observatory 
survey (Hi-Gal. lMolinari etaDbOlOallDl . The ATLASGAL at 870 
pm has been finished and coyer a large portion of the inner Galac¬ 
tic plane (-60° < / < +60°, and -1.5° < Z? ^ +1.5°; -80° < Z ^ 
-60°, and -2.0° < Z? < +1.0°). More than 1000 0 compact sub- 
millimeter sources (dense clumps) were identified jContreras et al.l 
|2013l;ICsengeri et al.ll20l4 . 

In addition, the dense regions of molecular gas can be de¬ 
tected by using m olecular lines tracing high density env ironments, 
e.g., HCO+, NH 3 l lPurcell et alj2012l:IShirlev et al.l2013t) . The HjO 
Southern Galactic Plane Survey (HOPS) maps the inner Galactic 
plane (-70° > Z > 30°, \b\ < 0.5°) using t he Mopra 22m tele scope 
at 12 mm wavelengths (19.5-27.5 GHz. [^Ish et al.ll201 ih. and 
detec t 669 dense clouds by using NH 3 ( 1 , 1 ) transition ( Purcell et al.l 

[201^ . 


The number density of the dense clumps from the ATLAS¬ 
GAL and HOPS is plotted against the Galactic longitude in the 
panel <5> of Fig. (2] The arm tangencies for the northern part of 
the Near 3 kpc Arm (Z ~ 24°), the Scutum Arm (Z ~ 32°), and 
the Sagittarius Arm (Z ~ 50°) can be easily identified from the 
longitude plot without ambiguity. Similar to the number density 
plots for HII regions and methanol masers, the bump features in the 
fourth Galactic quadrant are complex, and need to be compared to 
arm tangency directions obtained from the RRL/CO/HI plots. The 
identified bump peaks indicate the concentration of dense clumps 
around spiral arms, which can be taken as the “observed” arm tan¬ 
gencies from high density gas clumps. 


2.4 Atomic gas: HI 

Atomic gas in our Galaxy has been extensively observed by HI 
21 cm line with lo w resolution in early days and more recentl y 
at high resolution dMcClure-Griffiths et alj|200^ : IStil et al.ll2006h . 



Figure 3. An example of fitting the longitude plot of old stars for the tan¬ 
gency of the Scutum Arm and the northern tangency of the Near 3 kpc Arm. 
The surface density of stars are deduced from the GLIMPSE 4.5 pm data. 
The “baseline” (green) is subtracted first (black crosses in the bottom), and 
then three Gaussians (yellow) are fitted to the data. 
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Figure 4. The longitude values of arm tangencies for different spiral compo¬ 
nents comparing with those determined by '^CO in this paper. Filled sym¬ 
bols indicate the assessmen ts in this paper, and the open symbols stand for 
the values in literature (see lEnglmaier & Gerhardlll999l : [Hou & Hanll2014l : 
IValleel2014j) . 


The Leiden/Argentine/Bonn (LAB) survey covering the en t ire sk y 
is the most sensitive HI survey to date dKalberla et al.l l2005h . 
which merges the Leiden/ Dwingeloo survey of the northern sky 
dHartmann & Burtonll997h and the I nstituto Argentino de Radioas- 
trono mia Survey of the southern sky dAmal et al.l2000l : lBaiaia et al.l 
l2005h . The angular resolution is ~ 36'. The LSR velocity coverage 
is from -450 km s“* to +400 km s“*. The rms noise of the data is 
70 mk - 90 mk. 

Similar to the RRL plot and the CO plot, the integrated HI in¬ 
tensity over \b\ < 2° and a velocity range of AV = [V, - 15 km s“*, 
V, + 15 km s“*] around the terminal velocity is plotted in the panel 
< 6 > of Fig. 1^ The atomic gas is not obviously concentrated to 
spiral arms as molecular gas (also see iNakanishi & Sofuell200^ 
l2006r) . so that the bump features in the HI plot are not as promi¬ 
nent as those in the RRL and CO plots. The known arm tangencies, 
however, can be recognized except for the northern tangency of the 
Near 3 kpc Arm (Z ~ 24°). The bump peaks in the HI plot indicate 
the density maximums of atomic gas in spiral arms. 
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Table 1. The Galactic longitudes of “observed” spiral arm tangencies of the Milky Way recognized from the survey data of old stars, RRLs, HII regions, 
methanol masers, CO, dense clumps, and HI. The measured bump widths in FWHM are given in brackets. The median values of arm tangencies for stars 
(GLIMPSE/2MASS) and gas (RRLs, HII regions, masers, CO, dense clumps, and HI) are given in the bottom. Values with have the significance of 
identified bump less than 3cr. 


Sui'vey Data 

Near 3 kpc North 
(°) 

Scutum 

(°) 

Sagittarius 

n 

Carina 

(°) 

Centaurus 

(°) 

Norma 

n 

Near 3 kpc South 

(°) 

GLIMPSE 3.6 pm 

26.9 [3.2] 

32.6 [1.7] 

- 

- 

307.5 [4.0] 

- 

338.3 [4.8] 

GLIMPSE 4.5 pm 

26.9 [3.8] 

32.6 [1.8] 

- 

- 

307.6 [5.1] 

- 

338.3 [5.1] 

GLIMPSE 5.8 pm 

27.1 [3.3] 

32.7 [1.6] 

- 

- 

307.4 [4.3] 

- 

337.7 [2.4] 

GLIMPSE 8.0 pm 

27.4 [1.5] 

32.8 [1.2] 

- 

- 

307.3 [1.9] 

- 

337.8 [0.9] 

2MASS K, (2.16 pm) 

27.0 [2.3] 

32.6 [1.5] 

55.0* [2.7] 

- 

307.5 [2.9] 

- 

338.3 [3.6] 

2MASS//(I.65 pm) 

27.0 [2.1] 

32.6 [1.4] 

55.0* [2.6] 

- 

307.5 [2.5] 

- 

338.3 [2.9] 

2MASS 2(1.25 pm) 

27.1 [2.1] 

32.5 [1.4] 

55.0* [2.3] 

- 

307.1 [2.1] 

- 

338.3 [1.7] 

1.4-GHzRRLs 

24.6 [0.7] 

30.8 [0.7] 

49.2 [0.8] 

284.3 [0.6] 

305.4 [0.7], 311.2 [0.9] 

329.3 [1.9] 

336.9* [0.6] 

WISE HII regions 

23.5* [2.1] 

30.6 [1.5] 

49.4 [1.0] 

283.3* [2.1] 

305.5 [0.8], 311.7 [1.8] 

328.1 [2.2] 

337.2 [1.0] 

6.7-GHz methanol masers 

24.6* [0.7] 

30.8 [0.9] 

49.3 [0.8] 

284.5* [0.5] 

305.5 [0.9], 312.2 [1.1] 

329.3 [2.9] 

337.0 [2.8] 

‘^CO (DHT2001) 

24.4 [0.3] 

30.5 [2.0] 

49.4 [0.5] 

282.0 [2.7] 

305.7 [5.2], 311.0 [4.6] 

328.3 [2.2] 

336.7* [0.8] 

‘^CO (GRS) 

24.4 [0.4] 

30.5 [1.6] 

49.4 [0.5] 

- 

- 

- 

- 

ATLASGAL dust sources 

23.8 [1.7] 

30.7 [0.9] 

49.2 [0.7] 

284.2* [0.5] 

305.3 [0.8], 311.7* [1.0] 

327.2 [2.5] 

337.5 [2.6] 

HOPS NH 3 sources 

23.7 [2.3] 

- 

- 

- 

305.8 [1.5], 309.1 [0.6] 

327.8 [2.1] 

338.4 [2.5] 

HI (LAB) 

- 

30.8 [2.3] 

50.8 [5.8] 

283.0 [9.3] 

304.3 [14.1], 310.4 [6.4] 

328.0 [4.5] 

336.8 [5.7] 


Median for old stars 

27.0 

32.6 

55.0 

_ 

307.5 

_ 

338.3 

Median for gas 

24.4 

30.7 

49.4 

283.8 

305.5,311.2 

328.1 

337.0 


3 ARM TANGENCIES FOR DIFFERENT COMPONENTS 


3.1 Measuring arm tangencies from the longitude plots 


As discussed above, the peaks of the bumps in the longitude plots 
correspond to the arm tangencies (see Fig. o. To measure the peak 
position, we first fit the “baseline” with a second-order polynomial 
function outside the tangency range which should represent the 
general contribution from the Galaxy disk. The baseline is then sub¬ 
tracted from data to show bumps more clearly. After that a single 
Gaussian or multi-gaussians are fitted to a bump, as shown in Fig.[3 
The peak position of the fitted Gaussian(s) is adopted as the longi¬ 
tude direction of “observed” arm tangency, and the bump width is 
derived as well to be the full width at half maximum (FWHM), as 
listed in Table [T] We noticed that for each arm the tangency lon¬ 
gitudes derived from the gaseous components (RRLs, star forma¬ 
tion sites, CO, HI, dense clumps) have similar values, with a much 
smaller difference than various values in literature (see Fig.|4j. We 
verified that results change less than 1° if other fitting functions are 
used, e.g., a single Gaussian plus a first-order polynomial function. 


Note also that a flat rotation curve with the lAU standard cir¬ 
cular orbital speed at the Sun of 0o = 220 km s“* is adopted to 
calculate the terminal velocity V,, and then the velocity range of 
AV = V, ±15 km s“’ for the integrated line intensity is used to 
derive the longitude plots for RRLs, CO and HI in Fig.|2l We tested 
and found that if the other rota t ion cu rves, e.g. the on e given by 
ISrand & Blitz! ( Il993h . IClemens jl985h . and Fich et al.l (Il989h . or 
different @o (238 - 240 km s“*, Schbnrici]l2012l : [Reid et al.ll2014h . 
or even the different velocity ranges such as ±5 - ±25 km s“', are 
used, the measured arm tangencies change less than ~0.5° and the 
measured bump widths change less than ~1°. So does the magni¬ 
tude range for the old stars. 


3.2 “Observed” tangencies and the true density peaks 

To explain the detailed features in the plots of Fig. |2l an illu¬ 
minating model should include disk, bulge. Galactic barfs), spi¬ 
ral a rms, and also interstellar extinction and luminosity function 

e I I2OOOI: iRobitaille et Tl|2012|; 
Here, we try to understand the interplay be¬ 
tween the observed bumps for arm tangencies and the true density 
peaks in spiral arms. For this purpose, we make a simplified model 
as shown in Fig. [5] which consists of two density components (see 
lOrimmel & Sper^l200lh : 

P Pdisk Parm ^disk^^Pi. k’jhpi ^anii CXpi^ dljw^ . (1) 


Here, is an axisymmetric exponential disk, p^m, comes from 
spiral arms, r is the Galactocentric distance, is the scale length, 
di is the distance to the nearest spiral arm, >v,(r) oc r indicates 
the half-width of the ith arm, and and are the density 
normalization for the disk and spiral arms, respectively. The den¬ 
sity profile acrosses an arm is taken as Gaussian. The polynomial- 
logarith mic model de r ived b y fitting to the distribution of HII re¬ 
gions by IHou & HanI (I20l4 see the left panel in their Fig. 11) is 
adopted for the spiral arms, which have the known density peaks 
at arm tangencies of spiral arms. We put 10® particles randomly to 

match the density model in Fig. [5] _ 

According to lBinnev & MerTifielj ( ll99^ . the number of stars 
of type s with apparent magnitude between nii and m 2 in a solid 
angle dCl in the (I, b) direction is: 

dm f p,{R,l,b,M)<i>,fM)R^dRdQ.,(2) 
Jo 

here, R is the heliocentric distance, M is the absolute magnitude, ps 
is the stellar density near the Galactic plane, and Oj is the luminos¬ 
ity function of stars of type s. Because a good frac tion of GLIMPSE 
detected stars appear to be red-clump giants dChurchwell et al.l 


Ns{mi,m2, /, b)dQ = 


J r>m 

on 
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Figure 5. The density model {the upper panel) and the surface density of 
old stars as a function of the Galactic longitude {the lower panel). The “ob¬ 
served” arm tangencies can be identified by the bump peaks. The “true” 
density peaks near spiral ai'm tangencies in the model are indicated by solid 
lines, which are displaced from the “observed” bump peaks. 

l20Q9l) . it would be reasonable to assume that the hump features 
shown in the infrared star counts are dominated hy red-clump gi¬ 
ants. We assume that the stellar density is proportional to the den¬ 
sity model given in Eq. id). Considering that the GLIMPSE mid- 
infrared survey allowed for the nearly-extinction free detection of 
stars in the inner Galactic plane dBeniaminllOOSh . and also for sim¬ 
plicity, we neglect the extinc tion effect. T he luminosity function 
of red-clump giants given hv I Alve see their Eig.3) is nor¬ 

malized and adopted, and the apparent magnitude range between 
mi = 6.5 and m 2 = 12.5 is adopted in the calculations. Then the 
longitude plot for the surface density of stars can be derived as 
shown in the lower panel of Fig. with clear hump features for 
arm tangencies. 

We find that the directions for “observed” arm tangencies de¬ 
viate from the longitudes of the “true” density maximums of spiral 
arms near the tangencies by shifting to the inner side of about 1° 
in general (see Fig. [D, depending on the input arm width in the 
model. Near the Norma tangency, the shift could be as large as 2.5° 
if the arm has a width (FWHM) of 0.4 kpc - 0.5 kpc. 

Similar simulations for gas distributions can be obtained to 
get the modeled longitude plots of integrated intensities. Take the 
CO data as an example. The integrated emission W(l,b)cod£l = 
f Tn(l,b,v)dvdQ, is commonly assumed to he proportional to the 
column density of molecular hydrogen N(H 2 ), e.g., NiH^) = 
XW(CO). Here X is the conversion factor, Ti{(l,b,v) is the CO 



Galactic Longitude (deg) 


Figure 6. The “observed” longitude values for arm tangencies (GL^bs) 
deduced from various simulated models with a different input arm width 
(FWHMo). The “observed” tangency directions are shifted to the interior to 
the “true” arm density peaks of the model (GLmoblel)- 

line temperature (e.g.. iGrahelskv et alJll987h . Hence, dN(H 2 ) - 
p{R, I, b)dR = XT nil, b, v)dv, where p{R, /, b) is the gas density, R is 
the heliocentric distance. Then the integrated intensity of CO: 

T^dvdCloc Jp(R,l,b)dRdQ (3) 

can he obtained from the density model (see Fig. |5)- We get the 
same conclusion for gas arms as that for the stellar arms. 

More sophisticated model could be constructed to explain the 
real data. For example, the infrared stars in the GLIMPSE and 
2MASS surveys consist of a mixture of different types of stars 
with different luminosity functions, and distant stars should suffer 
from extinction effect. The optical depth and beam dilution effects 
should be considered in the gas density model. However, the very 
simplified models discussed above seem to be good enough to illus¬ 
trate the interplay between the observed bumps and the true density 
peaks near the spiral arm tangencies. 

3.3 Displacements of spiral arms outlined by different tracers 

The measured directions for tangencies are not exactly the real di¬ 
rections of density peaks of spiral arms near the tangencies, with a 
slight shift to the interior to the arm. However such a shift happens 
to all kinds of spiral tracers, various gas arms or stellar arms. There¬ 
fore, the relative longitude positions of arm tangencies shown hy 
different components can be used to check the spatial coincidence 
of different spiral arm components. 

For the tangencies of the Scutum-Centaurus Arm and the 
northern and southern parts of the Near 3 kpc Arm, the consistent 
longitude is found for the stellar arm tangency from the infrared 
data of GLIMPSE and 2MASS (see Fig. |7] and also Table □ al¬ 
though the extinction is significantly less at GLIMPSE 4.5 pm band 
than the 2MASS J, H, and K, hands (Fig.|2). 

Arm tangencies shown hy RRLs, HII regions, methanol 
masers, CO, dense clumps, and HI data have more or less simi¬ 
lar longitudes (see Fig.|7) with a small difference of < 1.1° (~ 150 
pc) for the northern tangency of the Near 3 kpc Arm, < 0.3° (~ 
40 pc) for the Scutum tangency, < 1.6° (~ 150 pc) for the Sagit¬ 
tarius tangency, < 2.5° (~ 90 pc) for the Carina tangency, < 2.1° 
(~ 260 pc) for the Norma tangency, and < 1.7° (~ 230 pc) for the 
Southern Near 3 kpc tangency, which are comparable to the typi¬ 
cal uncertainty of the measured arm tangencies (~ 1°), and smaller 























8 L. G. Hou and J. L. Han 



Goloctic Longitude (deg) 



Figure 7. The longitude plots after “baseline” subtracted (see Fig.|2]and Fig.|3) for the tangency of the Scutum Arm and the northern tangency of the Near 3 
kpc Arm {left panel) and the Centaurus Arm {right panel ), normalized by the maximum values in each plot. The tangencies are indicated by arrows together 
with typical uncertainties less than 1°. 


than the widths of spiral arms in our Galaxy (~ 200 pc - 400 pc, 
iReid et al.l2^ . The Centaurus tangency region (/ ~ 30 2° - 313°) 
seem s complex, which is known for several anomalies l lBeniaminI 
l2008h . It has two distinct gas components (see Fig. and Fig. O, 
one is near / ~ 311° and another is near I ~ 306°. The longitude 
difference for each component near the Centaurus tangency shown 
by RRLs, CO, and HI is small, < 1.4° (~ 120 pc). Therefore, there 
is almost no obvious and ordered shift for spiral arms traced by dif¬ 
ferent gas tracers, i.e., RRLs, HII regions, methanol masers, CO, 
dense gas regions, and HI. 

However, remarkable difference is found between the arm tan¬ 
gencies traced by old stars and gas (see Fig. |7J, which is about 
2.3° - 3.9° (~ 310 pc - 520 pc) for the northern part of the Near 3 
kpc Arm, 1.7° - 2.3° in the Galactic longitude ('- 210 pc - 290 pc) 
for the Scutum Arm, and about 1.3° - 5.1° (~ 120 pc - 480 pc) for 
the Centaurus Arm, which are comparable to the widths of spiral 
arms. In the tangency regions of the northern part of the Near 3 kpc 
Arm and the Scutum Arm, the stellar arms are exterior to the gas 
arms. As for the Centaurus tangency, the offset direction of stellar 
arm relative to gas arm is complex as it has two distinct gaseous 
components. The relative strength of these two components shown 
by different gas tracers (RRLs, CO, and HI) are not consistent 
(Fig.0. The CO/HI integrated intensity for the component near 
I ~ 311° is stronger than that for the component near I ~ 305° 
(Fig.EJ. By comparing the bump profiles derived from the 2MASS 
Ks band data and the GLIMPSE 4.5yum data (see the right panel in 
Fig.0, we found that the number increase of infrared stars detected 
by GLIMPSE in the longitude range of / ~ 309° - 314° is much 
more prominent than that in the longitude range of / ~ 302° - 307°. 
Hence, the extinction caused by interstellar dust is much more se¬ 
rious in the I ~ 309° - 314° directions, indicating a larger dust 
and gas content. In addition, the literature m ean values of the Cen¬ 
tauru s tangency (see the summary given by lEnglmaier & Gerhard 
ll999l:IValled|2014ah are commonly adopted as ~ 309°, closer to 
the gas component near I ~ 311°. These features indicate that the 
bump component near I ~ 311° have a stronger gas concentration 
and larger gas content, and the stellar Centaurus Arm is exterior to 
this component. The shift of stellar arms exterior to CO gas arms 
increases with the Galactocentric radius. Such offsets has also bee n 
observed in some nearby galaxies (e.g., MSI, iKendall et alj200^ . 

Therefore, to identify the arm tangency features from the star 
count plots, the possible offset between the stellar arms and gas 



Goloctic Longitude (deg) 

Figure 8. Surface density of infrared stars as a function of the Galactic 
longitude, deduced from the survey data of GLIMPS 4.5 /tm, 2MASS Kg, 
H, and J bands. The arm tangencies in longitudes for the northern part of 
the Near 3 kpc Arm (N3k_N), the Scutum Arm (Scu), and the possible 
Sagittarius Arm (Sag) are indicated by arrows for the stellar components, 
and by dashed lines for the gaseous components. 


arms should be considered. We re-check the star count plots and 
found that the stellar data from 2MASS 7, H, and bands show a 
broad but small amplitude bump in the longitude plot near Galac¬ 
tic longitude ~ 55° (see Fig. [Hll. This bump, which has no t been 
identified (e.g., see IPrimmell 120001 : IChurchwell et al.ll2009l) . may 
be related to the tangency of the Sagittarius Arm but shifted about 
4.2° - 5.8° (~ 380 pc - 530 pc) exterior to the gas arm. This di¬ 
rection offset is consistent with the offsets for the Scutum Arm, the 
northern part of the Near 3 kpc Arm, and the Centaurus Arm, and 
the offset value (~ 4.2° - 5.8°) is larger but comparable to that for 
the Centaurus Arm (~ 1.3° - 5.1°). 

For the southern tangency of the Near 3 kpc Arm, the dif¬ 
ference between the arm tangency traced by stars and gas is not 
significant, and around the tangency directions of the Carina Arm 
and the Norma Arm, no obvious bumps can be found in the stellar 
data, so that for these arms the possible displacements can not be 
properly assessed. 
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Figure 9. A face-on image of the Milky Way modified from the artist’s map 
(NASA/JPL-Caltech/R. Hurt) to match the observational properties sum¬ 
marized in this paper. The gaseous c omponents in the Galactic plane are 
dominated by four arm segments fsee lHou & HanlEoi4) . The stellar com¬ 
ponent is dominated by a two-arm spiral pattern but with a third weaker 
stellar arm of the Sagittarius. The newly derived arm tangencies in this pa¬ 
per are indicated by dashed lines for the gas arms, and dot-dashed lines for 
the stellar arms. 


4 DISCUSSIONS AND CONCLUSIONS 

We reassess the Galactic longitude directions of spiral arm tangen¬ 
cies in the Milky Way by using survey data for infrared stars and 
RRLs, HII regions, 6.7 GHz methanol masers, CO, high density re¬ 
gions in gas, and HI with a consistent definition for the tangencies. 
As verified by a simple model, the directions of arm tangencies are 
very close to the real density peaks of spiral arms near tangencies, 
but have a shift of about 1° to the interior to the arm and the shift 
happens to all kinds of spiral tracers. 

Spiral arm tangency directions derived by different gas trac¬ 
ers, i.e., RRLs, HII regions, methanol masers, CO, dense gas, and 
HI, are almost at the same longitudes for the Scutum-Centaurus 
Arm, the Sagittarius-Carina Arm, the Norma Arm, and the Near 3 
kpc Arm. Therefore, we conclude that there is no obvious shift be¬ 
tween the gas arms, in spite of the gas phases, ionized or neutral or 
molecular. 

We derived the tangency directions for the stellar arms, the 
Scutum-Centaurus Arm, the Near 3 kpc Arm, and the Sagittarius 
Arm, and obtain consistent values of arm tangencies by using stel¬ 
lar data of GLIMPSE and 2MASS. However, we find remarkable 
difference between the tangency directions of the stellar arms and 
the gas arms for the Scutum-Centaurus Arm, the northern part of 
the Near 3 kpc Arm and maybe the Sagittarius Arm, with a shift 
about 1.3°-5.8° (~ 120 pc - 530 pc) in the Galactic longitude 
for different arms, nearly about the widths of spiral arms in our 
Galaxy (~ 200 pc - 400 pc). The obvious offset between the stellar 
component near / ~ 27° and gas components near / ~ 24° for the 
Near 3 kpc Arm deserves further st udies since it could be related 
to a barred potential (e.g., / ~ 27°. iLopez-Corredoira et af]|200ll : 
ISeniamin et al.11^0^ . The double peaks for gas components near 
the Centaurus tangency are intriguing and deserve for further inves¬ 


tigations. The stellar overdensity near I ~ 55° shown by using the 
2MASS J, H and A, band data maybe related to the tangency of 
the stellar Sagittarius Arm, though the feature is not obvious in the 
GLIMPSE data. The stellar Sagittarius Arm may be much weaker 
than the stellar Scutum-Centaurus Arm, and was smeared out in 
the GLIMPSE data. It is also possible that the stellar overdensity 
shown in 2MASS data is caused by some nearby stellar structures, 
and not related to the Sagittarius tangency. This intriguing feature 
deserves further attention as it is important to better understand the 
stellar density distribution in the Galactic disk. 

Based on observational properties of spiral structure we con¬ 
struct a face-on image for the Milky Way as shown in Fig.|3 which 


shows that the gaseous components are dominated by four arm 
segments in the inner Galaxy regions (e.g.. Georgelin & Georgelinl 

1 19761; lRusseilll2003l; IHou et al.ll2009l; 

Hou & Han 

2014 

), and may 

extend to the far outer Galaxy (e.g.. 

Hou & Han 

2014 

: ISun et al.l 


Arm (e.g., IXu et aljl2013l : IHou & Hai]|2014| ; [Burns et^l2014h . 
The distribution of old stars in the Galactic plane is domi¬ 
nated by a two-arm spiral pattern (two major spiral arms: the 
Scutum-Centaurus Arm and the Perseus Arm, e.g., Drimmel|2000|; 
brimmel & Spergeill200l|: [Beniamin et al.|[2ro3nChurchwell et al.l 


200^lFrancis & Aridersonjl20121) . The Sagittarius Arm may be the 


third but a weaker stellar arm. The tangency directions for the 
density maximums of gas arm and stellar arm for the Scutum- 
Centaurus Arm has a longitude difference as large as 1.6°- 4.7° (~ 
150 pc - 420 pc). In the inner Galaxy, the stellar arms are shifted 
outwards with respect to the gaseous arms traced by RRLs, CO and 
HI, not only for the Scutum-Centaurus Arm, the northern part of 
the Near 3 kpc Arm, but maybe also for the Sagittarius Arm. 

Among three proposed mechanisms to produce spiral arms 
in galaxies, only the quasi-stationary density wave theory predicts 
a spatial displacement between the density peaks traced by stars 
and gas in spiral arms, by assuming a constant pattern speed (e.g., 
[Robertsiri969l : lDobbs & Baball2014l and see Fig.lJJ. Our data anal¬ 
yses show the shift between the directions for the density max¬ 
imums of stars and the intensity peaks for gas emission in the 
Scutum-Centaurus Arm near the tangencies, which is evidence for 
the quasi-stationary density wave in the Milky Way. Considering 
the s ymmetry of the Galaxy spiral structure proposed in literature 
(e.g.. [Dam3l2013h . such an offset between gas and old stars is also 
ex pected in the Perseus Arm (see Fig. H, and recently discussed 
by iMonguio et al.l ( 12015h using the stellar overdensity and the in¬ 
terstellar visual absorption in the anticenter direction. The accu¬ 
rate measurements of the parallax/proper m otion for stars by Gaia 
(e.g.. [Robin et al.l2012l : lKawata et alj2015l) . and for high-mass star 
forming regions by the Bar and Spiral Structure Legacy (BeSSel) 
Survejl^nd the Japanese VLBI Exploration of Radio Astrometry 
(VERAjfl will provide critical tests in the near future. In addition, 
no general spatial ordering can be reliably deduced for the multi¬ 
phase gas arms. Considering the multiph ase propertie s of interstel¬ 
lar medium and the stellar feedback (e.g.. lWadal2008l) . the response 
of gas to the Galaxy potential probably highly complex, making it 
difficult to verify the possible spatial ordering for multiphase gas 
arms in observations at present. 


^ http://bessel.vlbi-astrometry.org 
^ http://veraserver.mtk.nao.ac.jp 
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